The work presented in this paper is part of the QUIESST European project, in which one of the objectives is to perform optimizations of noise reducing devices. We present here optimization results concerning the intrinsic performances of noise barriers. First the limits of these optimizations are determined: this concerns geometrical limitations as well as limitations on the number of materials. The intrinsic performances under interest are calculated using numerical simulations (the Boundary Element Method and the Transfer Matrix Method) in such a way that calculated values are as close as possible to quantities that one could measure using the CEN/TS 1793-4 -5 -6 standards. These simulations lead to reflection, transmission and diffraction performance values, which are expressed as a relative gain (or loss) to a reference noise barrier. The multi-objective optimization strategy is then detailed and applied to nine coherent noise reducing device families. It is shown that using a specific set of parameters can largely improve the noise reducing device performances, and more importantly, that some selected set of parameters allow one to optimize several objectives simultaneously.
Introduction
We focus in this work on intrinsic performances of Noise Reducing Devices (NRDs): sound insulation, sound absorption and sound diffraction indices. The aim is to optimise these three acoustical performances simultaneously using numerical simulations. Note that the objective of this research is not to deliver optimised noise barriers. These solutions would depend on too many parameters that could possibly be accounted for in numerical simulations. The main objectives of the present work are a) to determine whether or not it is worth performing any optimisation on the intrinsic acoustical NRD performance and b) to assess the potential gain that can be achieved through these optimisations. In this paper a first section presents the different numerical methods used to calculate the NRD intrinsic acoustical performances and the associated numerical simulation models. The following section presents the optimisation strategy and the optimisation models used in this work. This section also details the limits on the parameters used in the optimization process. In section 4 NRDs are classified into coherent families. These families are then used in section 5 within the execution of simulations. Section 5 also contains the analysis of the optimization process. Finally, section 6 concludes and gives some perspectives.
NRD intrinsic performance calculation method
It was chosen to use as a basis the European CEN/TS 1793-4 -5 -6 standards 1, 2, 3 for in-situ measurement of noise reducing device acoustical performances. In other words, numerical simulations are setup to mimic the in-situ measurement methods. Two different sound propagation models are used in this work. The first is the Boundary Element Method (BEM, see 4, 5 ) , which is used to calculate NRDs performances regarding reflection and diffraction, while the second is the Transfer Matrix Method (TMM, see 6, 7 ), which is used to calculate NRD performances regarding sound insulation.
Reflection index calculation
The calculation method is based on the CEN/TS 1793-5:2003 standard 2 . Thus, we only give a brief overview of the method and detail the differences between the standardized in-situ measurement method and the actual numerical calculation method used in this work. The reader may refer to the standard 2 for a complete and detailed description of the method. The measurement method consists in calculating a reflection index averaged over 9 microphone positions placed at angles ranging from 50 to 130 degrees (90 degrees being normal incidence to the noise barrier). For each microphone position, a free-field impulse response measurement together with a measurement with the barrier is performed. The free-field impulse response is subtracted from the reflected signal so as to suppress the direct component. The resulting signal hence only contains the direct reflection on the barrier surface plus the direct reflection on the ground and multiple barrier-ground reflections. The signal is then windowed using a so-called Adrienne window 2 to suppress the ground reflections. Finally the processed impulse response only contains the component that has been reflected on the wall surface. The reflection index is then calculated in one-third octave band with: (2) in which i L is the relative A-weighted sound pressure level of the normalized traffic noise spectrum, as defined in CEN/TS 1793-3, in the i-th one-third octave band. We use in this work a 2D implementation of the Boundary Element Method 5 to calculate the sound reflection index. Since calculations are performed in 2D, one needs to correct the time scaling factor in Eq.
(1). Hence we use the following Eq. (3) to calculate the reflection index in one-third octave band in which the scaling factor t was replaced by t :
Sound insulation index calculation
The calculation method for sound insulation is based on the CEN/TS 1793-6:2003 standard 3 . The CEN/TS 1793-6 standard uses a rectangular 3x3 microphone grid placed on the other side of the noise reducing device. This microphone grid is used to record the transmitted impulse responses. With the help of another measurement without the barrier (free-field measurement) and adequate windowing to suppress ground reflections, the sound insulation index per one-third octave band can be calculated with: 
Description of the optimization strategy
The intrinsic performances of a NRD are expressed as a gain (or loss) relative to a reference NRD. This reference noise reducing device is a straight, 10 cm thick concrete barrier. We define three objectives that correspond to the three intrinsic performances ( 
: the intrinsic performance relative to diffraction Calculations in this work aims at optimising these NRD intrinsic performances.
Single-objective optimization model: Evolution Strategy (ES)
Evolution strategy (ES) draws on the same principles as Genetic Algorithms (GA). There are however significant differences between GA and ES. First GA goes deeper in the analogy with living beings and distinguishes phenotype and genotype while ES operate on the phenotype only. GA operates on binary strings. So the search space is bounded and the variables are discrete. The different data type processed leads to a different mutation operator. The first algorithm of this kind was proposed by Holland 8 . More up to date presentations are available in 9 .
Multi-objective optimization model: non-dominated sorting (NSGA)
The Non-dominated sorting genetic algorithm (NSGA) was proposed by Srivinas and Deb 10 . It is based on several layers of classification of the individuals. All non dominated individuals are classified into one category (they are then given an artificial fitness value), then this group is ignored and the process continues until all individuals have been classified (giving artificial fitness values always smaller than the smallest of the group creating before). There are the several Pareto borders. Any number of objectives can be considered with this method and the diversity of individuals in the research space is well kept; but the use of artificial values makes the implementation more complicated than for other.
NRD classification
A classification of nine noise reducing device has been determined.These nine families corresponds to common sound barriers; they are shown in are shown in Table 1 below.
Execution of optimizations and results analysis
The optimization procedure uses an Evolution Strategy algorithm which consists in populations of 50 individuals which evolve during (at max.) 10 generations. For each of the nine NRD families, optimization calculations have been performed for two barrier height: 4 m and 6 m. It resulted in about 10 000 function evaluations. Calculations were performed on two computers which sum up 20 processing units and 16 GB of RAM. Optimizations took about 12 days to complete. The main objectives of the present work are:
-to determine whether or not it is worth performing any optimization on the intrinsic acoustical NRD performance and -to assess the potential gain that can be achieved through these optimizations Table 1 -nine noise reducing device families identified The diffraction index optimizations have been performed for smooth and Quasi Random Diffusers (QRD) -like noise reducing devices. As it can be seen in Table 2 the improvement is between 12.7 dB(A) and 14.3 dB(A). Note that QRD-like caps provide a slightly higher diffraction index performance.
Conclusion and perspectives
In this paper we presented and detailed an optimization strategy that can be applied to intrinsic acoustic performances of noise reducing devices. This optimization procedure aims at optimizing sound reflection, sound insulation and diffraction simultaneously. It was shown that the methods used in this paper were able to increase the performances of considered noise reducing devices. In some cases the improvement can be as high as 40 dB for sound insulation, 14 dB for sound reflection and 14 dB for diffraction. Hence, it was proved that the procedure was efficient, and that the potential gain that can be achieved through the use of the procedure is important. In a future work, the optimization methodology used here will be adapted and applied to the optimization of noise reducing devices extrinsic performances. In this next step considered performances will be not only acoustical but environmental impact of noise reducing devices will also be accounted for within the optimization process, leading to a holistic optimization process. Table 2 -improvement achieved at last generation for each objective and each family, for a NRD height of 4 meters
